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Abstract The efficiencies of dioxygen reduction on common
carbonaceous materials were compared using voltammetry
and fuel cell measurements. Carbon paper (CP), carbon fibre
(CF) or carbon cloth (CC) conducting supports were covered
under water pump pressure with multiwalled carbon nano-
tubes (MWCNTs) to increase the working surface of the elec-
trode, improve connectivity with enzyme molecules and pro-
vide direct electron transfer. Laccase was the biocathode cat-
alyst catalyzing 4-electron reduction of oxygen to water on the
nanostructured electrode. CP carbon paper was selected as the
favourable electrode substrate, since it provided best durabil-
ity holding firmly the carbon nanotubes together with the en-
zyme at the electrode surface. Zinc disc or fructose dehydro-
genase was used as anode in the hybrid fuel cell and biofuel
cell, respectively. The characteristics under externally applied
resistances and potential-time dependencies under flowing so-
lution conditions were evaluated. The hybrid fuel cell based
on Zn anode and CP supported laccase cathode gave the best
results in terms of power and open circuit potential (OCP).
The full biofuel cell based on laccase and fructose dehydro-
genase shows lower OCP but the power–time dependencies
were similar to those of the hybrid biofuel cell. The nanostruc-
tured surfaces show good supercapacitor properties due to the
presence of carbon nanotubes at the electrode surface. The
fuel cells undergo self-charging/discharging and, therefore,
can be conveniently employed in pulsed-work regime to pow-
er external devices.
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Introduction
There have been several approaches in the recent years to
substitute costly platinum electrodes in the fuel cells with
non-precious metal catalysts and carbon materials such as
graphite electrodes or carbon electrodes covered with carbon
nanoparticles or carbon nanotubes. Several transition M-N4
metal compounds have been proposed as catalytic materials
for the oxygen reduction reaction (ORR). The catalytic mate-
rials include macrocyclic metal complexes with phthalocya-
nine or porphyrin ligands [1–5]. These complexes show high
catalytic activity but show low stability in the corrosive envi-
ronment of fuel cells. However, thermal treatment at ca.
1000oC or more of mixtures of these complexes with carbon
powders increases activity and stability of the catalyst [6, 7].
TheM-N4 typemoiety obtained in result of pyrolysis has been
identified as the active catalytic site for oxygen reduction.
While several difficulties connected with the use of Pt can
be eliminated, the process of oxygen reduction on such mate-
rials is usually a 2e electrode process and not the favourable 4e
reduction leading directly to water. On the other hand,
multicopper oxidases such as laccase or bilirubin oxidase ef-
ficiently convert oxygen to water in a 4e transfer mechanism
without the formation of toxic oxygen intermediates, e.g. su-
peroxides or peroxides [8–14]. The difficulty with these redox
enzyme applications is that usually an electron mediator is
needed to allow electron transfer between the electrode and
the active site of the enzyme [15–18]. Mediators may lead to
unwanted reactions or leach to the solution, and if co-
immobilized with the enzyme, they may not be sufficiently
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active anymore. To remove the need of mediators and to find
the optimal way of enzyme immobilization at the electrode
surface have been major goals of recent work in this area
[19–23]. The carbon nanoparticles, e.g. carbon nanotubes be-
come helpful in this case since they improve the contact be-
tween the enzyme active site and electrode and they promote
direct electron transfer (DET) of electrons to the conducting
support [24–35]. In addition, carbon nanotubes at the carbon
electrode form a nanocomposite electrode showing
supercapacitor properties. Such combination of enzymatic ca-
talysis with charge storing matrix would improve the perfor-
mance of the electrodes and provide more efficient powering
abilities in a biofuel cell arrangement [36–40].
In the present paper, we compare the performances of var-
ious carbon substrates covered with multiwalled carbon nano-
tubes and laccase in the catalytic reduction of oxygen. The
carbon supports chosen allow to attach carbon nanotubes sim-
ply by sucking them under pressure of the water pump. We
choose the best way of preparing bioelectrodes (electrode sub-
strate, nanostructuring procedure, enzyme immobilization
procedure) test several electrodes in the fuel cell arrange-
ment—both in a hybrid fuel cell with Zn anode and enzymatic
cathode, and in a fully enzymatic biofuel cell with fructose
dehydrogenase acting as the anodic enzyme. We also under-
line the ease and short time of recovering the OCP, hence of
regenerating the enzymatic fuel cells which makes them ad-
vantageous for powering long-term monitoring devices work-
ing in the on/off regime.
Materials and chemicals
Citric acid (C6H8O7), disodium hydrogen phosphate
(Na2HPO4) and ethanol (C2H5OH) were purchased from PO-
Ch. Laccase Trametes versicolor was obtained from Sigma-
Aldrich. The laccase activity dissolved in 1 ml of water was
1360 Ug−1. Fructose dehydrogenase (FDH) from
Gluconobacter sp. was purchased from Sorachim. Multi-
walled carbon nanotubes (MWCNTs Nanocyl Thin MWCNT
95+%C purity, 9.5 nm average diameter, 1.5 μm length) were
from Nanocyl, Belgium. Carbon paper (CP) was Toray Teflon
Treated (TPG-H-030 Fuel Cell Store). Carbon fibre was re-
ceived from the University of Reading, and carbon cloth (Wet
Proofed) was from Fuel Cell Store. Water was distilled and
passed through Milli-Q purification system.
Electrochemical instrumentation and procedures
Carbon paper (CP) and other carbon material supports were
modified with MWCNTs under reduced pressure. MWCNTs
suspension was obtained by adding 8-mg nanotubes to 12-ml
ethanol (2 mg of MWCNTs for electrode unless otherwise
stated). Electrode area was 3.14 cm2 (Fig. 1a).
Laccase was physically adsorbed on MWCNT covered
electrode by incubation in 200 μl of McIlvaine buffer solution
containing usually 25 mg ml−1 laccase. After 1 day of laccase
adsorption, the electrode was washed thoroughly with water
and used as a biocathode. Catalytic performance of each
bioelectrode was evaluated by cyclic voltammetry in a three-
electrode arrangement with Ag/AgCl (KCl sat.) reference
electrode, a platinum foil counter electrode and the MWCNT
- nanostructured carbonaceous electrode as the working elec-
trode. All electrochemical experiments were carried out using
the Electrochemical Analyzer CHI 400 B potentiostat at 22±
2°C.
The fuel cells: Zn anode-MWCNTcell, Zn hybrid fuel cell
and biofuel cell were used under solution flow conditions
(Fig. 1).























Fig. 2 Cyclic voltammograms recorded for catalytic oxygen reduction in
oxygen saturated 0.1 M McIlvaine buffer solution (pH 5.3) using
electrodes modified with (1) 0.67, (2) 1.34, (3) 1.66 and (4) 2 mg of
MWCNTs and laccase; scan rate 1 mV s−1. Inset: (circles) catalytic and
(squares) background current densities of oxygen reduction on CP
electrodes containing increasing mass of MWCNTs on the electrode
surface. Laccase concentration was 25 mg ml−1
Fig. 1 (a) Carbon paper, carbon fibre and carbon cloth electrode substrates before modification withMWCNTs. (b) Cathode, anode contact and reaction
compartment of the cell. (c) Fuel cell assembly working under flow conditions
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Zinc disc covered with zinc phosphate (hopeite) was used
as the anode in the Zn hybrid fuel cell and fructose dehydro-
genase (FDH) adsorbed on MWCNT – nanostructured sup-
port was the anode in the full biofuel cell. One hundred fifty
microliters of 20 mg ml−1 FDH solution was used for modi-
fying the electrode. Enzyme was applied and the electrode
was kept in a fridge overnight to evaporate the solvent during
the enzyme adsorption. Electrode contact was made of glassy
carbon material. The cell arrangement cathode, anode and
reaction compartment in between are shown in Fig. 1b.
The open circuit voltage (OCV) was measured in all exper-
iments. Voltages between anode and cathode were measured
under loads changing in the range 10MΩ to 1Ω. To minimize
the power loss caused by oxygen depletion, during testing of
the cell measurements of power under each load were taken
5 s after the application of the resistance. Measurements were
held always under 10 ml min−1 solution flow conditions.
Results and discussion
Electrochemical studies
The cyclic voltammograms of oxygen catalytic reduction on
laccase and MWCNTs modified CP substrate are shown in
Fig. 2. The biocathodes were modified with different volumes
of MWCNTs suspension. The onset of catalytic current of
oxygen reduction appears at potential ca. +0.6V (all potentials
are vs. Ag/AgCl/1MKClaq reference electrode). No mediators
were needed to obtain a well-developed reduction curve. The
optimal coverage of the electrode by carbon nanotubes was
selected as shown in the inset of Fig. 2.
Figure 3 shows the plot of current density vs. mass of
MWCNTs present at the CP electrode. The electrodes were
covered with different volumes of MWCNT dispersion, and
then the electrode was incubated in 25 mg ml−1 laccase solu-
tion—either buffer solution and buffer-ethanol mixture. It
should be noted that the current density for a given mass of
MWCNTs on the CP electrode is always larger when the buff-
er solution contains ethanol. The oxygen reduction currents
achieve maximum values when ca. 2–2.4 mg ofMWCNTs are
present at the surface. Above this amount, the thickness of the
nanotube layer becomes too large, and the catalytic current
decreases. At larger amounts of MWCNTs, their release from
the surface of the electrode to the solution can be detected
when the cell is working at a longer time-scale; thus, also











Fig. 4 Cyclic voltammograms recorded for catalytic oxygen reduction in
oxygen saturated 0.1 M McIlvaine buffer solution (pH 5.3) using CP
electrodes modified with 0.14 mg MWCNTs (1) and MWCNTs with
adsorbed laccase at concentration 12 mg ml−1 (2) and 25 mg ml−1 (3).
Scan rate 5 mV s−1






















Fig. 3 (a) Cyclic voltammograms recorded for catalytic oxygen
reduction using CP electrodes modified with 2 mg MWCNTs and
laccase adsorbed from two solutions: McIlvaine buffer solution pH 5.3
(solid line) and same buffer-ethanol mixture, 1:1 (dashed line). (b) Cur-
rent density values for CP electrodes covered with different volumes of
MWCNTs and laccase adsorbed from buffer solution (1) and buffer-
ethanol mixture (2). Experiments were conducted in O2 saturated solu-
tions; scan rate 1 mV s−1. Laccase concentration was 25 mg ml−1
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As shown in Fig. 3a for a CP electrode covered with 2 mg
of MWCNTs, the adsorption of laccase from a solution con-
taining McIlvaine buffer and ethanol 1:1 is much more effi-
cient than from pure aqueous buffer. The catalytic wave is
significantly larger and better developed.
It can be concluded that ethanol improves the affinity of
laccase towards carbon nanotubes leading to the improvement
of the electrode performance. For increasing concentration of
laccase adsorbed on CP electrode covered with 0.14 mg of
MWCNTs: the value of catalytic current measured at 0.2 V
increases as in Fig. 4; however, the values of currents are
always larger when the solution is 1:1 mixture of ethanol
and buffer (Fig. 4).









































Fig. 6 Dependences of cell power and potential on current density for
paper, carbon fibre and carbon cloth electrode substrates before (a) Zn-
anode fuel cell and CP covered with 2 mg of MWCNTs with (solid line)
and without laccase (dashed line), (b) laccase/FDH biofuel cell. Elec-
trode area was 3.14 cm2. Experiments were done in (a) aerated McIlvaine
buffer solution, pH 5.3 and (b) in the presence of 100 mM fructose
Scheme 1 (A) Zn-MWCNTs
cathode fuel cell, (B) Zn-hybrid
fuel cell with laccase cathode and
(C) full FDH/laccase biofuel cell
















Fig. 5 Cyclic curves for (a) biocathode—CP covered with 2 mg of
MWCNTs with laccase in oxygen (solid line) and deaerated (dashed
line) condition and (b) CP covered with 2 mg of MWCNTs with FDH
with 100 mM fructose (solid line) and without substrate (dashed line).
McIlvaine buffer solution, pH 5.3. Electrode area was 3.14 cm2, scan rate
5 mV s−1
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Two types of anodes were employed: Zn electrode and the
CP electrode covered with MWCNTs onto which FDH solu-
tion containing 20 mg ml−1 of enzyme was applied. The en-
zymatic electrode was kept in a fridge overnight to evaporate
slowly the solvent applied during the enzyme adsorption. The
cyclic voltammograms recorded for CP electrodes with fruc-
tose dehydrogenase and laccase are shown in Fig. 5. They
visualize the difference in potentials of the electrodes in a fully
enzymatic biofuel cell. CP electrodes are now covered with
2 mg of MWCNTs and laccase adsorbed from buffer-ethanol
solution containing 25 mg ml−1 of enzyme.
Figure 5b shows that for 100 mM fructose solution, the
catalytic curve of fructose oxidation was observed at the po-
tential ca. −0.1 V. The wave is better developed with larger
slope for the cathode; however, it should be underlined that
both of these electrodes are used without any mediators, hence
in the direct electron transfer mode.
Studies of the electrodes in the fuel cell arrangement
All of the carbon nanostructured electrodes tested: CP, CF and
CC covered with enzymes were studied in the fuel cell envi-
ronment. The system including Zn anode andMWCNTs cath-
ode without any enzyme was also investigated to allow com-
parison. The Zn-MWCNTs fuel cell, Zn hybrid fuel cell and
the fully enzymatic biofuel cell are presented in Scheme 1.
The characteristics of Zn anode-MWCNTs fuel cell, Zn
hybrid fuel cell with laccase cathode and full biofuel cell with
FDH based anode and laccase cathode are shown in Fig. 6.
The cell parameters for three supporting carbon materials
on the cathode and Zn anode are collected in Table 1.
For comparison, the Zn-MWCNTs fuel cell without any
enzyme is also included; however, its stability in time is
worse.
The optimal support was found to be carbon paper CP, and
this material was selected for the preparation of hybrid and full
biofuel cells presented further (Fig. 6a, b). The maximum
power for the Zn hybrid fuel cell is 1.65±0.21 mW cm−2
(5.18 mW), and the open circuit potential is 1.7 V. For a full
biofuel cell with the laccase biocathode and fructose dehydro-
genase bioanode, each of them covered with 2 mg of
MWCNTs, the OCV value was 0.65±0.04 V, and maximum
power was 76±6 μW cm−2. The aerated flowing solution
contained 100 mM fructose in McIlvaine buffer, pH 5.3. In



























Fig. 7 (a) Potential-time dependencies for the Zn-hybrid fuel cell with
laccase cathode under two external resistances: 20 and 10 kΩ. (b)
Potential-time dependence of a Zn-hybrid fuel cell with laccase cathode
(solid line) and FDH/laccase biofuel cell (dotted line), Bswitched^ on/off
every 60 s. External resistance applied to the circuit was 2 kΩ. Experi-
ments were conducted in aerated McIlvaine buffer solution pH 5.3, for
biofuel cell—in the presence of 100 mM fructose
Table 1 Characteristics of Zn
anode-MWCNTs cell and Zn
anode-hybrid fuel cell for three
types of carbon material sup-
port—CP, CF and CC covered
with 2 mg of MWCNTs and
adsorbed laccase
Cathodes Conducting support Pmax/mW cm
−2 Emax/V
a EOCV/V
Zn-hybrid fuel cell CP 1.65±0.21 0.72±0.04 1.70±0.03
CF 1.61±0.19 0.71±0.03 1.69±0.04
CC 1.47±0.13 0.68±0.03 1.73±0.04
Zn-MWCNTs fuel cell CP 0.96±0.12 0.55±0.04 1.22±0.04
CF 0.89±0.09 0.53±0.02 1.22±0.05
CC 1.07±0.1 0.51±0.04 1.25±0.03
Experiments were conducted in aerated McIlvaine buffer solution, pH 5.3
a Voltage at maximum power
J Solid State Electrochem (2016) 20:949–955 953
Fig. 6b, the current-voltage characteristics of the air-fructose
biofuel cell is presented together with the power plot.
Potential-time dependences for the Zn-hybrid fuel cell with
laccase cathode under two external resistances 20 and 10 kΩ
are shown in Fig. 7a. After 15 days of continuous work, the
potential of such Zn-hybrid biofuel cell stabilizes at a value
equal to 92 % of the initial value.
The voltage for the biofuel cell first decreases and then
stabilizes at a value equal to 86 % of the initial value. These
cells were also tested in a pulsed regime: first the cell was
discharged under 2 kΩ external resistance during 60 s and then
the resistance was switched off and the fuel cell was left to
regenerate (Fig. 7b). Sixty seconds time span is usually suffi-
cient, e.g. for the sensor readout as shown elsewhere [32].
Following seven cycles of discharge/self-recharge, the cells
were left to recharge fully to achieve the voltage correspond-
ing to the OCVof each of the cells. In case of Zn hybrid fuel
cell with laccase cathode, the time needed for full regeneration
was 350 s, while the biofuel cell required ca. 500 s. In both
cases, the open circuit potential is achieved confirming full
self-regeneration of the devices.
Conclusions
Efficient and reproducible reduction of dioxygen catalyzed by
laccase Trametes versicolor is obtained using carbon support
materials: carbon paper, carbon fibre and carbon cloth. The
materials can be soaked with carbon nanotubes under reduced
pressure of the water pump leading to a stable nanostructured
surface showing good affinity both for laccase and for fructose
dehydrogenase. Adsorption of enzyme is improved when it is
done from the McIlvaine buffer solution containing ethanol–
water, ratio 1:1. Mediatorless oxygen reduction catalyzed by
laccase proceeds close to the formal potential of laccase T1
site. The onset of catalytic curve of oxygen reduction was
observed at the potential ca. +0.6 V (vs. Ag/AgCl/1M KClaq
reference electrode) while the oxidation of fructose catalyzed
by fructose dehydrogenase took place at ca. −0.1 V.
The design and construction of a Zn anode-MWCNTs cath-
ode cell, Zn hybrid fuel cell with laccase cathode and full
fructose dehydrogenase/laccase bioful cell were tested under
flow of aerated solution. The maximum power densities 1.65
±0.21 mW cm−2 at 0.72 V and 76.5±6 μW cm−2 at 0.31 V
were obtained for modified carbon paper Zn hybrid cell and
full biofuel cell, respectively. OCV for the biofuel cell was
0.68 V. Full cell potential-time dependencies were monitored
for 2 weeks and after 90 min in all cases potential was stabi-
lized at 86% of the initial OCV value for each of the cells. The
potential-time dependence for a Zn hybrid fuel cell with
laccase CP cathode and full biofuel cell, being Bswitched^
on/off every 60 s a time span sufficient for e.g. sensor readout,
was recorded under external resistance 2 kΩ during
discharging. Following seven cycles of discharge/recharge,
the potential of each flow cell could be fully regenerated after
not more than 500 s reaching the value of open circuit poten-
tial. The presented fuel cells, therefore, are designed to work
under pulsed conditions useful, e.g. for powering sensing
devices.
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